SUMMARY: Peony seed oils (PSOs) were prepared using supercritical CO 2 (SC) and compared with soxhlet extraction (SE) and mechanical screw press extraction (SPE) methods. The fatty acid compositions of the oils were determined, and the physicochemical properties of the oils, including free radical-scavenging activity, α-amylase and α-glucosidase inhibition, thermal and rheological properties were evaluated. The unsaturated fatty acids in the SE oils were higher than SC and SPE oils due to the higher percentage of olefinic, allylic methylene and allylic methine protons in the SE oils. The SPE oils also displayed the highest DPPH and ABTS + radical scavenging activity at the tested concentrations. However, the SE oils showed stronger inhibitory effects on α-amylase and α-glucosidase enzymes under in vitro conditions when compared with the other oil samples. The three oils had similar melting and crystalline point due to similar contents of fatty acids (FAs). The SC oils had a lower E a than the others.
INTRODUCTION
Peony (Paeonia suffruticosa Andr.) is a native tree of China, and it is also widely cultivated in many other countries and areas like Japan, Korea, New Zealand, Europe, North America, and other regions . Besides its ornamental value as a flower, the peony is widely used in traditional Chinese medicine and as a functional food due to its various functional constituents (Ning et al., 2015) . Peony pods contain two kinds of effective bioactive components namely paeoniflorin and paeonol, which display anti-inflammatory, analgesic and antispasmodic effects on cardiovascular diseases and tumor diseases (Zhu et al., 2013) . The dried peony flower has also been exploited to prepare a tea for an antitussive purpose, with strong antioxidant activity due to the presence of anthocyanin. Some studies reported that solvent extracts and essential oils of P. suffruticosa flower buds possess potential antimicrobial activities against some of the common food-borne bacterial pathogens (Han and Bhat, 2014; Wang et al., 2004) . In the another study, the trans-Resveratrol, 3,5,4′-trihydroxy-trans-stilbene, a stilbenoid compound, known for its therapeutic and pharmacological activities was extracted from peony seeds by the imidazolium-based ionic liquidbased microwave-ultrasonic synergistic simultaneous extraction and hydrolysis methods (Chen et al., 2016) . Also, peony seeds are the source of polysaccharides and four types of polysaccharides sequentially extracted from peony seed dregs have displayed strong antioxidant activities in a recent study (Shi et al., 2016) .
Tree peony seeds have been recently identified as novel sources of oleic, linoleic and α-linolenic acid in China. All these constituents of the edible oil mark the importance of evaluating its nutritional value (Luzzi and James, 2001) . Previous reports have suggested that the composition and content of FAs varied dramatically among different cultivars, in which α-linolenic acid, linoleic acid, oleic acid, palmitic acid, and stearic acid were the dominant ones . Peony seed oil yield increased with seed development and reached its maximum level at the mature stage with values from 29.04 to 34.98% for different cultivars, and the main components found in mature seeds were linoleic (30.90%), α-linolenic (19.71%), and oleic acids (42.19%), which together composed 92.80% of the total oil (Ning et al., 2015) . Seed development led to variation in the FA contents markedly, with low levels of FAs from 10 d to 30 d after pollination, which then increased dramatically from 30 d to 90 d after pollination, and finally reached their peak at 90 d after pollination. However, peony seed oil displayed potent inhibition activity against AChE and BChE and marked TYRO inhibition, whereas, the oil showed low to moderate antioxidant activity (Sevim et al., 2013) . Peony seed oil also possessed potent anti-α-glucosidase activity in vitro, decreased blood glucose and the accumulation of hepatic lipids in STZ-induced diabetic mice (Su et al., 2015) .
The plant seed oil has been traditionally extracted using the screw press or solvent technique. Although screw press extraction provides the advantages of low operational costs and produces uncontaminated oil, the extraction efficiency is quite low (< 70% oil extraction). Thus, the supercritical carbon dioxide extraction technology has been studied extensively as an alternative to conventional methods of oil extraction since it is nontoxic, nonflammable and easily separated from the extract (Pang et al., 2015) . SC extraction has been widely applied to extract oil from plant seeds, such as canola seed (Pederssetti et al., 2011) , kenaf seed (Abd Ghafar et al., 2013) , Phaleria macrocarpa seed (Azmir et al., 2014) and okra seed (Dong et al., 2014) . In one study, where peony seed oil was mainly extracted using the screw press and solvent methods, it was demonstrated that extraction at atmospheric pressure resulted in the absence of linolenic acid, while extraction under 350 MPa exhibited the highest fatty acid number and fat acidity among all the oils .
Nowadays, the methods to extract peony seed oil include organic solvent extraction, ultrasonic extraction, squeezing extraction and supercritical CO 2 assisted extraction. Sevim et al. (2013) found that the oil extracted from Paeonia L. (peony) using ethanol at room temperature is rich in oleic, linoleic, and linoleic acids. However, to date no studies have been published on the impact of the comparison of different extraction methods on the peony seed oil composition either qualitatively or quantitatively. While composition, acid value, Saponification value, and Iodine value of oil determines its edible properties as food. Similarly, thermal characteristics and liquid viscosity also play an important role in the design of process equipment for the fatty acid industry. The process piping design and pressure drop determination also require viscosity data. Additionally, the viscosity of the individual fatty acid components may estimate the viscosity of mixtures of fatty acids. Thus, it is important to understand the relationship between the physicochemical properties and preparation process. The present study is aimed at supplying the basis for the utilization of peony seed oil as a functional food. The effects of process technology on its nutraceutical properties, antioxidant ability and inhibitory potential on α-amylase and α-glucosidase enzymes were investigated; and then the thermal characteristics and liquid viscosity of the oils extracted by different methods were evaluated. There have been reports of extraction of peony seed oil in the past years but we have compared the three different extraction methods and this is the first ever study to evaluate the thermal and liquid viscosity properties of peony seed oil.
MATERIALS AND METHODS

Materials
Peony seeds were obtained from the Beijing Tong Ren Tang Anhui Chinese Herbal Medicine Co., Ltd. The seeds were dried at 60 °C to reach a stable moisture content of less than 4%. Dry seeds were grounded to a fine powder and passed through the 60 mesh sieve. The powder was stored at 4 °C. Carbon dioxide (purity 99.9%) was purchased from Henglong Gas Corp (Anhui, China). n-hexane for Gas Chromatography (GC) and Gas Chromatography-Mass Spectrometry (GC-MS) were of HPLC grade. Other solvents and chemicals were of analytical grade.
Extraction of peony seed oil
Supercritical CO 2 extraction: The procedures were designed and modified according to the description by Dong et al. (2014) . The seed oil was extracted using an SC system (Model HA220-50-06, Jiangsu, China). In brief, 100 g of the ground peony seeds were added to the extraction vessel and liquid CO 2 was transferred to the extraction vessel by a high-pressure pump to the proposed pressure. The parameters of extraction procedure were as follows: optimized condition at 24 MPa, 21 L/h, 46 °C and 124 min (Data presented in supplement).
Soxhlet extraction: The peony seed powder (20 g) was extracted with n-hexane using a soxhlet device at 80 °C for 8 h. The solvent was removed in a rotary evaporator under vacuum at 40 °C after extraction (Dong et al., 2014) .
Screw press expression: The peony seed powder (1000 g) was fed from the hopper to the screw press on demand by expeller and the oils were collected at the oil outlet (Dong et al., 2014) .
All oil samples were separated by centrifuging at 9000 rpm for 10 min and kept at 4 °C.
Gas chromatography-mass spectrometry (GC-MS)
The collected oils were converted to fatty acid methyl esters (FAMEs) via esterification reaction at first (Wei et al., 2009) . Briefly, the PSOs prepared above were dissolved in a 3.0 mL methanol solution containing 5% concentrated sulphuric acid, vortexed for 2 min, and placed in a 90 ºC water bath for 1 h to induce derivatization. Afterwards, samples were removed and allowed to cool to room temperature. Then, 2.0 mL of deionized water were added to terminate the derivatization reaction. FAMEs were subsequently extracted with 3 mL of n-hexane, then the solutions were centrifuged (3000 rpm, 10 min), and the supernatants were collected. The concentrated solutions were re-dissolved in an appropriate n-hexane volume and dehydrated using anhydrous sodium sulfate.
A GC-MS analysis was carried out according to the SCION SQ system (BRUKER Ltd. USA). The conditions were as follows: Column: BR-WAX (60.0 m×0.25 mm×0.25 μm); oven temperature program: The initial column temperature was maintained at 60 °C for 3 min before it was increased by 10 °C·min -1 to 185 °C and kept for 1 min then raised to 200 °C for 10 min with 5 °C·min -1
. The final temperature was 220 °C increased by 5 °C·min -1 and maintained for 20 min. The temperatures of the interface and the ion source were 250 °C and 280 °C respectively, while the injector temperature was set at 250 °C; injection volume: 1.0 μL, ionization energy: 70 eV; mass range: 35-450 atomic mass units (amu).
2.4.
H NMR analysis
1 H NMR was detected on a VNMRS600 Agilent at 500 MHz at 25 °C. The oil (0.2 g) extracted by different methods was dissolved in CDCl 3 for spectral analysis.
Chemical properties of the PSOs
The chemical properties of PSOs containing the saponification value (AOAC 920.160), acid value (AOAC 969.17), iodine value (AOAC 993.20), peroxide value (AOAC 965.33), were conducted through the official procedure, and each experiment was run in triplicate.
DPPH and ABTS + free radical-scavenging activity
The stable diphenyl-picryl hydrazinyl radical (DPPH·) scavenging activity was determined by the modified method described by Diaby et al. (2016) . Briefly, the oils extracted with different methods were diluted to varying concentrations with ethanol. Then the samples were mixed with 5.0 mL of a DPPH· solution (0.04 mg/mL). The mixtures were incubated at room temperature for 30 min in the dark. The remaining DPPH amount was determined at 517 nm. The BHT solution served as a positive control.
The antioxidant activity of seed oils was measured by the ABTS + radical cation (ABTS + ·) decolorization assay using the method adapted by Azhari et al. (2014) . Briefly, A solution containing ABTS + · was prepared by mixing an equal volume of ABTS (7 mM) and potassium persulfate (2.45 mM). Then the mixture kept for 16 h in the dark at room temperature. The ABTS + ·stock solution was diluted with ethanol (ratio 1:50) to obtain an absorbance of 0.70 ± 0.02 at 734 nm. Then the different concentrations of samples were added to the tubes and mixed with 3 mL of ABTS + · dilution. The mixtures were incubated for 10 min and the absorbance was determined at 734 nm. EDTA-2Na was employed as the positive control. Inhibition of the DPPH· or ABTS + · in percent (I%) was calculated using the formula below:
Where A blank represents the absorbance of the reaction without oil samples, and A sample is the absorbance of the reaction mixed with the oil samples. The results were expressed as mean ± SD. via triplicate parallel experiments.
Measurement of α-amylase and α-glucosidase inhibition
The evaluation of α-amylase inhibition followed the methods of Jadhav and Singhal (2013) . A 600 μL starch solution (1.5% w/v) was diluted with 20 mM phosphate buffer (pH 6.9 with 6.5 mM NaCl) and mixed oils of various concentrations and then incubated at 37 °C for 10 min. The reaction was initiated by adding α-amylase (2.0 U/mL) solution and holding for 5 min at 37 °C. Then the mixture was put in a boiling water bath for 5 min after the addition of 1 mL 3,5-dinitrosalicylic acid solution to stop the reaction and cooled to room temperature. The reaction mixture was diluted by adding 30 mL distilled water and absorbance at 540 nm was measured. The deionized water instead of α-amylase solution and acarbose were used as blank and positive control, respectively. Each experiment was conducted in triplicate.
The α-glucosidase inhibitory activity was assayed according to the chromogenic method described by Zhang et al. (2015) with some modifications. Oils of various concentrations were mixed with 100 μL of α-glucosidase (1.0 U/mL) in 0.1 M phosphate buffer (pH=6.9) solution followed by the addition of 1.0 mL 0.1 M phosphate buffer (pH = 6.9). The mixtures were kept at 37 °C for 20 min after mixing with 5.0 mM of 100 μL p-nitrophenyl-α-D-glucopyranoside (0.1 M PBS, pH = 6.9) then pre-incubated for 10 min at 37 °C. 2.0 mL, 0.2 M sodium carbonate was added to the reaction mixtures to stop the reaction before reading the absorbance at 405 nm in the spectrophotometer. The mixtures without α-glucosidase and acarbose were used as blank and positive control, respectively. The results were calculated according to the same formula given for the DPPH radical scavenging test. Each experiment was conducted in triplicate.
Thermal analysis of the PSOs
Differential scanning calorimetry (DSC) curves were obtained by TA Instruments Q200 (TA Instruments, USA) under N 2 flow (20 mL·min , in 10 μL sealed aluminum capsules. For the study of the thermal property at low temperatures, samples were cooled to -80 °C and then heated to +20 °C at a rate of 10 °C·min -1 .
Rheological properties
The rheological characteristics of the oils were determined by a rotator rheometer (DHR-3, TA Instruments Ltd., USA). Each sample was place equilibrated to the required temperatures (10, 30 and 50 ºC) on the temperature-controlled vessel. Viscosity was tested at various shear rates from 0.1 to 200 s −1
. The flow behavior of the oils was equipped with Casson equation as it works well at various shear rates (Sathivel et al., 2003) . 
Where τ xy is shear stress (Pa), τ 0 is yield stress (Pa), η c is higher shear limiting viscosity (Pa.s) and dV x / D y is shear rate. The influence of temperature on viscosity for PSOs can be described by the Arrhenius type of equation and formula as:
Where μ is viscosity (Pa.s), A is equation constant, E a is the energy of activation for viscosity, R is the universal gas constant, T is the absolute temperature.
RESULTS AND DISSCUSSION
The composition of PSOs
The compositions of the PSOs extracted by SC, SE and SPE were analyzed by gas chromatography-mass spectrometry, and represented as percentage chromatographic area (Table 1) . Only slight differences could be observed in the compositions of the oils extracted by the three methods. Seven types kinds fatty acid were detected in the SE oils, two FAs, hexadecenoic and eicosanoic acid were at trace levels and hexadecenoic acid was absent in SC oil. There were five dominant fatty acids, namely, α-linolenic, linoleic, oleic, palmitic, and stearic acid in all three oil samples. SE oil contained the highest proportion (93.63%) of UFAs, followed by SC oil (91.92%) and SPE oil (89.59%), but no difference was observed. Among the three types, α-linolenic acid was the dominant compound, which rangedg from 38.63% to 40.45% (Table 1) .
1 H NMR analysis
The results from the 1 H NMR analysis revealed that the percentage of olefinic, allylic methylene and allylic methine protons were higher in SE oils than those in the SC and SPE samples (Table 2) . Therefore, it is clear that the percentage of unsaturation along with conjugated unsaturated fatty acids in SE oils were the highest among the three samples used in the study. The peak at 3.6-3.8 ppm was relatively weak, which implied that the content of methoxy/ fatty acid methyl ester in PSOs was low. The peaks at 1.0-1.8 ppm and 0.5-1.0 ppm were almost the same in all samples (Table 2) , which suggested that the process showed almost no effects on the content of -CH 3 and -CH 2 -. Pradhan RC reported that the percentage of unsaturation of the fatty acids in flaxseed oils from the SC extraction process were higher than those by soxhlet and the screw press extraction processes (Pradhan et al., 2010) . The deference may be attributed to different properties in the raw material.
Physicochemical properties of the PSOs
As shown in Table 3 , the acid value of the oil by SE reached 2.79 mg of KOH per g of oil, which is significantly higher than that of SPE (1.88 mg of KOH per g of oil) and SC (1.65 mg of KOH per g of oil) (P < 0.05) (Table 3 ). This phenomenon also occurred in flaxseed oil by different methods (Pradhan et al., 2010) . The peroxide value and saponification value of SE were higher than those obtained by SPE and SC, yet the difference was not significant. The Iodine value of the three samples showed no significant difference (Table 3) .
DPPH and ABTS+ free radical-scavenging activity
Both the DPPH and ABTS + radical-scavenging activity of all the PSO samples increased in a dose dependent pattern (Figure 1) . At the same concentration, the scavenging activities of SPE oils measured by DPPH and ABTS + radical were the highest, followed by SC oils. The DPPH radical-scavenging activity of SPE reached 81.08% at 10 mg/mL, whereas it rose to 38.30% and 72.51% for SE and SC oils; while the activity by BHT (as control) was Each value is an average of three determinations, mean ± SD. UFAs unsaturated fatty acids, ND. not detected. Each value is an average of three determinations, mean ± SE. The 'a' and 'b' indicate P < 0.05 differences.
96.89% at this concentration ( Figure 1a) . A similar pattern was observed for the ABTS + radical-scavenging activity of all PSOs, 87.69%, 72.63% and 46.79% for SPE, SC and SE at 5 mg/mL, respectively; the activity of EDTA-2Na (as control) was 99.63% at this concentration (Figure 1b) . The phenomenon of SPE oils displaying higher antioxidant activity than other methods was also reported in other fruit or seed oils, which may be attributed to the new antioxidant components by the Maillard reaction induced by the high temperatures in screw pressing (Nicoli et al., 1999; Dong et al., 2014) .
Inhibitory effects of PSOs on α-amylase and α-glucosidase
The inhibitory effects of PSOs that reduced the activity of α-amylase and α-glucosidase are summarized in Figure 1c ,d. All PSO samples displayed strong α-glucosidase inhibition activity compared with the inhibitory activity against α-amylase. The inhibition effect of oils on both α-amylase and α-glucosidase were found to be concentration dependent. The inhibition effect on α-glucosidase ranged from 28.46% to 87.57% while the concentration of SE oils increased from 0.4 mg/mL to 1.2 mg/mL.
The inhibitory potential of SC oils and SPE oils was lower than observed in SE oils, but it was still higher than acarbose. The inhibition effects of SE oils on α-amylase were 71.25% at 1.6 mg/mL which was higher than SC and SPE oils. Su et al. (2015) reported that the inhibition effect of PSOs on α-glucosidase and α-amylase reached 50% at 0.61 mg/mL and 1.23 mg/mL, respectively. The present studies have shown that oleic acid, linoleic acid and α-Linolenic acid could be the major active constituents, which contributed to the potency in inhibiting α-glucosidase and α-amylase activity, which is in agreement with the previous studies (Kim et al., 2014) .
Thermal analysis of the PSOs
The samples showed different thermal behaviors during the cooling and heating phases. The heat released (exotherm) during cooling was found to be less than the heat absorbed (endotherm) during heating (Wang and Briggs, 2002) . The crystallization and melting curves of PSOs determined by DSC were shown in Figure 2 . The thermal properties of the three types of oils were similar, and displayed a similar melting peak and crystalline peak. Wang T and Briggs JL reported that the thermal properties of oils The effects of process technology on the physicochemical properties of peony seed oil • 7
were mainly influenced by the content of oleic acid and the saturation of oils (Wang and Briggs, 2002) . Thus, the thermal results further demonstrated that there was no significant difference in the composition of the three types oils (Table 1) . Two exothermic peaks were observed in SPE oils during cooling, but only one peak was denoted to SC and SE oils. The crystalline peaks of the PSOs were relatively more narrow than the melting peaks (Figure 2 ), which confirmed that the onset and completion temperatures from the crystallization curves were much better defined than those of the melting curves.
Rheological properties analysis
The viscosities of the three oils samples decreased with the increase in temperature (Figure 3) . The viscosity of SE and SPE oils was higher than that of SC oil at sheer rate >10 s −1 at 10 °C (Figure 3a) . When monitoring at 30 and 50 °C, this difference almost vanished (Figure 3b, c) . It was observed that the greater molecular movement and a reduction in the intermolecular bond forces contributed to promoting flux increases and reduced viscosity at high temperatures (Liu et al., 2012) . As the shear rate increased, the shear stress was enhanced gradually (Figure 3d-f) . A linear relation was observed between the shear stress and shear rate at higher shear rates, when PSOs behaved as a Newtonian fluid. The Casson equation was further used to describe the flow behavior of three oils and summarized in Table 4 . The higher shear limiting viscosity (η c ) of SE oils was greater than that of SC and SPE oils at each temperature. In addition, the η c values of three samples decreased with the increased temperature. The influence of temperature on viscosity for PSOs was further expressed in an Arrhenius type of equation (supplemental Figure 1) , and the detailed thermodynamic parameters of oils are shown in Table 5 . The viscosity of the three oils decreased with an increase in temperature at 100 s −1 . The results suggest that the differences in viscosity among the oils decrease as temperature increase, which means that the extraction methods have little influence on the viscosity for those oils at a higher temperature. It was found that the values of E a of SC oil was lower than those of SE and SPE oils, which suggested that SC oil had a gradual change in viscosity with temperature.
CONCLUSION
Peony seed oil is rich in oleic, linoleic and α-linolenic acid. The contents of FAs in oils extracted by SE, SC and SPE methods showed nonsignificant differences, and resulted in a similar melting and crystalline point. The result of the 1 H NMR analysis reflected the fact that the content of UFAs in SPE oils was less than observed in SE and SC oils after confirmation with the analysis of GC-MS. The SC and SPE oil samples exhibited a greater radicalscavenging activity than the SE oil sample. Three oil samples have similar enzyme-inhibitory activity, and revealed a strong anti-α-glucosidase activity whereas, weaker anti-α-amylase activity. The SC oils had lower viscosity compared with the others, although this difference reduced gradually as the temperature rose. The temperature has less impact on the viscosity of oils extracted by SC. Mean τ 0 yield stress, ɳ c higher shear limiting viscosity. Each value is an average of three determinations, mean R universal gas constant = 1.986 cal/mol K. SE standard error.
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